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I. DVCS and Vector Meson production in the CGC 

II. Final state azimuthal correlations with electron plane 

III. Our predictions for the EIC 

IV. Incoherent diffraction and fluctuations 

Outline
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0. DVCS and VM studies 
from HERA

3



DVCS and VM studies from HERA
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The size of the proton from exclusive spectra

Rezaeian, Siddikov,  Klundert, Venugopalan 1212.2974

IP-Sat provides good description of HERA data

Momentum transfer conjugate to 
impact parameter                   . 

Extract proton size from slope of 
exclusive spectra
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What else can we learn from diffraction?
Previous studies: 

Goal:

Observables: 

Spectra ( dependence) only sensitive to proton impact parameter  dependence.| t |− b⊥

Exclusive dijet production At small-x, limited to small invariant masses (i.e. small  jets ). 
Experimentally challenging.

p⊥

DVCS/exclusive VM 
(correlated with electron plane!) Sufficiently small-x since invariant mass is small!

Learn about angle correlations of momentum and impact parameter of gluons

Need to go beyond IP-sat, we will use impact-parameter dependent MV + JIMWLK.
Approach:

More specifically correlations between      and      in                    dipole correlator.                   
<latexit sha1_base64="fFvF2+5sWzjlYKz8x+yLUq2fqFA="></latexit>
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I. DVCS and Vector Meson 
production in the CGC
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Deeply Virtual Compton Scattering
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DVCS channels

quark hand-bag 
diagram

dipole

dominant channel at small x!
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Bethe-Heitler
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Aschenauer, Fazio, Kumericki, Müller 1304.0077
For DVCS and BH see



Dense gluon field needs resummation of multiple gluon interactionsAcl ⇠ 1/g
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Light-like 
Wilson line:

j i + j i
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Deeply Virtual Compton Scattering
CGC EFT and Multiple scattering
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LO diagram in CGC

Effective CGC 
eikonal vertex:
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Classical small-x 
field

large-x sources 
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McLerran, Venugopalan.  
hep-ph/9309289 hep-ph/9311205  
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Deeply Virtual Compton Scattering*

Kinematics in LC coordinates

incoming (outgoing) photon momentum and 
polarization

q =

✓
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Scattering amplitude at LO in the CGC
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At leading order in the CGC EFT

Q2 = �q2
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incoming (outgoing) virtualities

* We let the virtuality of the outgoing photon to 
be non-zero (for DVCS let              ), and we 
consider massive quarks.

Q02 = 0
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Polarization
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Deeply Virtual Compton Scattering*
At leading order in the CGC EFT

Similar expressions for other amplitudes:                    ,                 , and                  .hM±1,±1iY
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Deeply Virtual Compton Scattering*
Off forward and dipole angular correlations

DY (r?, b?) = DY,0(r?, b?) + 2DY,2(r?, b?) cos(2�r?b?) + ...
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Only isotropic          contributes

Only elliptic         contributes

DY,0
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Study impact parameter 
dependence of dipole
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In the absence of off-forward phase  we have clear relation between dipole modes and amplitudes
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<latexit sha1_base64="wFL2ZvcvQp2+EnuwBSpp9/8ELx8="></latexit>

11

<latexit sha1_base64="319XSo9m+BuCK/qo3N8ad0zus8Y="></latexit>

hM0,0iY ⇠
Z

b?

e�i�?·b?

Z

r?

DY (r?, b?)

Z

z
z2z̄2 QK0("fr?)Q

0K0("
0
fr?)

Study angular correlations 
in dipole amplitude
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Deeply Virtual Compton Scattering*
Off forward and dipole angular correlations

Isotropic Elliptic
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DY (r?, b?) = DY,0(r?, b?) + 2DY,2(r?, b?) cos(2�r?b?) + ...
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Contributions from all modes, but mostly  when   DY,0 Δ⊥ ≪ Q

Contributions from all modes, but mostly  when   DY,2 Δ⊥ ≪ Q

The off-forward phase                         when Δ⊥ ≪ Q
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Including the off-forward phase e�i�?·r?
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mixes the contribution of different modes…



Including the off-forward phase e�i�?·r?
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Deeply Virtual Compton Scattering*
Off forward and dipole angular correlations

Isotropic Elliptic

mixes the contribution of different modes…

DY (r?, b?) = DY,0(r?, b?) + 2DY,2(r?, b?) cos(2�r?b?) + ...
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Two sources of correlation between        and        :
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Intrinsic: correlation between      and      in the dipole (e.g.        ) 
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Deeply Virtual Compton Scattering*
Collinear limit and GPDs
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Dipole FT to momentum space:

At small-x, one can compute gluon GPDs:

Unpolarized gluon GPD

Elliptic gluon GPD
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At small-x and in the collinear limit:

Helicity preserving

Helicity flip

Possible to constrain the Wigner distribution from GPD

Hatta, Yuan, Xiao. 1703.02085



Vector Meson Production
From DVCS* to VM production

We follow the prescription in hep-ph/0606272 and replace the LC wave-function of final state 
(virtual) photon with:
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 massive quarks

 can have longitudinal polarization

need model for light-cone wave-function (e.g 
Boosted Gaussian) �L/T (r?, z)
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<latexit sha1_base64="1Iy44iMVUQBghWZzAzaItxy7O6w=">AAACM3icbVDLSgNBEJz1Gde34snLYhDEQ9iNgh5FLx4jGBNIovROOnFwZnaZ6RXDkp/wqr/hx4g38eo/OIk5mMSCgaKqe7q74lQKS2H47s3Mzs0vLBaW/OWV1bX1jc2tG5tkhmOVJzIx9RgsSqGxSoIk1lODoGKJtfjhYuDXHtFYkehr6qXYUtDVoiM4kJPqzS4oBbeHdxvFsBQOEUyTaESKbITK3aa302wnPFOoiUuwthGFKbVyMCS4xL7fzCymwB+giw1HNSi0rXy4cD/Yd0o76CTGPU3BUP3bkYOytqdiV6mA7u2kNxD/8xoZdU5budBpRqj576BOJgNKgsH1QVsY5CR7jgA3wu0a8HswwMllNDZl+HeKfOyS/CnTgidtnFAlPZGBvu/7LshoMrZpclMuRUel8tVx8ex8FGmB7bI9dsAidsLO2CWrsCrjTLJn9sJevTfvw/v0vn5LZ7xRzzYbg/f9A3ZyqpI=</latexit>

�0
<latexit sha1_base64="pKETtpfAzpHuzBbH1tY6+w1++ZY=">AAACM3icbVDLTsJAFJ36xPoCjSs3jcToirRookuiG5eYyCMBQqbTC0yYTpuZWwNp+Am3+ht+jHFn3PoPDoWFgCeZ5OSce+fee/xYcI2u+2GtrW9sbm3nduzdvf2Dw3zhqK6jRDGosUhEqulTDYJLqCFHAc1YAQ19AQ1/eD/1G8+gNI/kE45j6IS0L3mPM4pGaraFKQ3oRTdfdEtuBmeVeHNSJHNUuwXrpB1ELAlBIhNU65bnxthJqULOBEzsdqIhpmxI+9AyVNIQdCfNFp4450YJnF6kzJPoZOrfjpSGWo9D31SGFAd62ZuK/3mtBHu3nZTLOEGQbDaolwgHI2d6vRNwBQzF2BDKFDe7OmxAFWVoMlqYkv0dA1u4JB0lkrMogCVV4AgVndi2bYL0lmNbJfVyybsqlR+vi5W7eaQ5ckrOyCXxyA2pkAdSJTXCiCAv5JW8We/Wp/Vlfc9K16x5zzFZgPXzC3Egqo8=</latexit>

<latexit sha1_base64="aJFr+GEhWqaOeHIsVBe81JIdheE="></latexit>

V = J/ , ⇢,!, ...
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<latexit sha1_base64="BqV6Jvqbry8r9ardyfSIWI0db7Y="></latexit>

�⇤
� + p ! �⇤

�0 + p
<latexit sha1_base64="zEND5CxZvW5aWn+eJJMHIi3mNGE="></latexit>

�⇤
� + p ! V�0 + p

<latexit sha1_base64="on5LGjmdXKQ4y32fHzM2cEh4dzU="></latexit>⇣eqf
2⇡

⌘
zz̄"0fK1("

0
fr?) ! �@?�T (r?, z)

<latexit sha1_base64="QPvQkC5TNGyqGIWoQOAupLLB7Y4="></latexit>⇣eqf
2⇡

⌘
zz̄K0("

0
fr?) ! �T (r?, z)

Kowalski, Motyka, Watt. hep-ph/0606272

longitudinal transverse

<latexit sha1_base64="fdmnqybHee21pK6qN4vcW6fU7L8="></latexit>

�L,T = NL,T zz̄
<latexit sha1_base64="qSDA9jioJ9UkA1c19rZQLQHxSi4="></latexit>

⇥ exp

"
�
m2

fR2

8zz̄
� 2zz̄r2

R2
+

m2
fR2

2

#

VM LC wave-function



II. Final state azimuthal 
correlations with electron plane

<latexit sha1_base64="oo3pez2WZEJO+XZ9MWZK6uSRLcQ="></latexit>

�e�
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Image source: CLAS collaboration



Azimuthal correlations with electron
Polarization basis and electron plane correlation

<latexit sha1_base64="JhaN5yW5owD2fvIwXISG2RIVdPY="></latexit>

M2 ⇠ Lµ⌫Xµ⌫

<latexit sha1_base64="qQlfzEZ61XHkS+uT0kJrGYXtXhM="></latexit>

M2 ⇠ L��̄X��̄

Insert 
completeness 

relation

photon flux 
factors

electron 
azimuthal angle

photon 
azimuthal angle

Lepton-hadron tensor decomposition

Lepton-hadron tensor 
decomposition in polarization basis

<latexit sha1_base64="znjD6V2YMa24uZZltMqSfdY2dkQ="></latexit>

X��̄ ⇠ e�i(���̄)��
X

�0

M†
�,�0M�̄,�0

�⇤ �⇤

<latexit sha1_base64="5gvkUNQmSERgYuem5C7xV/hD+pA="></latexit>

�
<latexit sha1_base64="M78Le22DeN7FbvwCMByDCeGckOk="></latexit>

�̄
<latexit sha1_base64="Ar10zMtb+gB7T/6C+c77N4WY78M="></latexit>

�0 <latexit sha1_base64="Ar10zMtb+gB7T/6C+c77N4WY78M="></latexit>

�0

<latexit sha1_base64="dehLNxs2ZtDJPRnX7sjHWmIm7DM="></latexit>

M†
�,�0

<latexit sha1_base64="/3mrptg7Vh1bp6v5svhSM7Cb/Uo="></latexit>

M�̄,�0

Photon-proton 
amplitude squared

<latexit sha1_base64="aLfxJonF5OLNR+HysjqxepzWVYc="></latexit>

L��̄ ⌘ Lµ⌫✏µ(�, q)✏
⇤
⌫(�̄, q)

<latexit sha1_base64="ifXbdyOIkX47/W/8x3EK8ayBErs="></latexit>

X��̄ ⌘ X↵�✏⇤↵(�, q)✏�(�̄, q)
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<latexit sha1_base64="XqR8jDq6DaKSvkV0N6QVAdWpOic="></latexit>

L��̄ ⇠ ei(���̄)�ef��̄

<latexit sha1_base64="QfD7l3kyat9M9xCWkVpnAn/+6gI="></latexit>

gµ⌫ =
n(µq⌫)
q�

+
X

�

(�1)�✏⇤µ(�, q)✏⌫(�, q)



Azimuthal correlations with electron
DVCS azimuthal correlations with electron plane

<latexit sha1_base64="cHym/Q8Mu7u/FjOwphdm34dCaGc="></latexit>

d�ep!e�p ⇠ fTT (y)
⇥
M2

TT +M2
TT,flip

⇤
+ fTT,flip(y)M2

LT

<latexit sha1_base64="TXXfOo4ydsBYbVngaFUI90p713I="></latexit>

+fTT,flip(y)MTTMTT,flip cos (2�e�)

<latexit sha1_base64="uZ7K6dPZQwFcn61uC281NK1wwcE="></latexit>

�fLT (y)MLT [MTT +MTT,flip] cos (�e�)

<latexit sha1_base64="oo3pez2WZEJO+XZ9MWZK6uSRLcQ="></latexit>

�e�

<latexit sha1_base64="T/Qb2z3hpDrNVfNZACmO+MVuJGs="></latexit>

MLT ⌘ hM0,±1iY

<latexit sha1_base64="n+NfaOXCJmYaB9SsayDDy070M+U="></latexit>

MTT ⌘ hM±1,±1iY

<latexit sha1_base64="7/84hOPENoosa05/otYUKQpfjeA="></latexit>

MTT,flip ⌘ hM±1,⌥1iY

Helicity preserving

Helicity flip

Pol changing
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At small/moderate (                          ):
<latexit sha1_base64="Z5SFfeAB4LHIwuqkiN1B0962ieU="></latexit>

�? . 1.5 GeV
<latexit sha1_base64="xvfuc094p7SFHZrsTIgU9Finka4="></latexit>

M2
LT ,M2

TT,flip ⌧ M2
TT

<latexit sha1_base64="o9sN3Nt8GHLDS+awPhDTx2sBD80="></latexit>

hcos�e�i� ⇠ MLT /MTT

<latexit sha1_base64="VmI5OFR9QUnzzdkJBLULIXAYBrQ="></latexit>

hcos 2�e�i� ⇠ MTT,flip/MTT

Image source: CLAS collaboration

Similar result for  production 
(also includes          and          )

J/ψ

Hatta, Yuan, Xiao. 1703.02085

H. Mäntysaari, K. Roy, FS, B. Schenke. 2011.02464

<latexit sha1_base64="19fBtgBV2kD49yP8uOCeypGvDnk="></latexit>

MTL
<latexit sha1_base64="wwKp30dT89xZ/cGKkvBnk0K07Ok="></latexit>

MLL



Numerical results
DVCS from GBW type dipole
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<latexit sha1_base64="UBO0hYtyScKPuhmLjFPobLpjdvY="></latexit>

DY (r?, b?) = 1� exp


�r2?Q

2
s0

4
Tp(b?)C�(r?, b?)

�
<latexit sha1_base64="rQonp000SCLALSTTWNOeVeZQku4="></latexit>

C�(r?, b?) = 1 +
c̃

2
cos(2�rb)

<latexit sha1_base64="ZcGs3P1XUUZ83LFuIogIOlEMBdY="></latexit>

Tp(b?) = e�b2?/(2Bp)

<latexit sha1_base64="DIq++nxYHJlbV/vFPX94xCZ60MU="></latexit>

c̃ = 0
<latexit sha1_base64="gtrRzaI96wKv60V97FgUKUSQlA4="></latexit>

c̃ = 0.5

Proton transverse profile Azimuthal correlations

Note the increase in the elliptic anisotropy due to dipole angular correlations !c̃ ≠ 0



Numerical results
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<latexit sha1_base64="DIq++nxYHJlbV/vFPX94xCZ60MU="></latexit>

c̃ = 0
<latexit sha1_base64="gtrRzaI96wKv60V97FgUKUSQlA4="></latexit>

c̃ = 0.5

Note the increase in the elliptic anisotropy due to dipole angular correlations !c̃ ≠ 0

Exclusive  from GBW type dipoleJ/ψ
<latexit sha1_base64="UBO0hYtyScKPuhmLjFPobLpjdvY="></latexit>

DY (r?, b?) = 1� exp


�r2?Q

2
s0

4
Tp(b?)C�(r?, b?)

�
<latexit sha1_base64="rQonp000SCLALSTTWNOeVeZQku4="></latexit>

C�(r?, b?) = 1 +
c̃

2
cos(2�rb)

<latexit sha1_base64="ZcGs3P1XUUZ83LFuIogIOlEMBdY="></latexit>

Tp(b?) = e�b2?/(2Bp)

Proton transverse profile Azimuthal correlations



III. Our predictions for the EIC
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Image source: BNL



The set-up for our calculation

• Initial conditions: impact parameter dependent McLerran-Venugopalan model
<latexit sha1_base64="G3SnlSv9V5+H0LtO4jjFBZJbTlY="></latexit>⌦
⇢aA(x?)⇢

b
A(y?)

↵
Y=0

= g2µ2(x?)�
ab�(2)(x? � y?)

Initial conditions and evolution
Similar set-up in exclusive dijet production and Wigner distribution in 1902.05087
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• EIC energies: e-p collisions at                         and e-Au collisions at
<latexit sha1_base64="GZyKKEwlSu2WrAXV2Wj+6NIQOys="></latexit>p
s = 90 GeV

<latexit sha1_base64="KunwaMVb7HopZg9pfioZzAtD+hg="></latexit>p
s = 140 GeV

<latexit sha1_base64="Tc6pWFSHKCPqUhkmiZh3GGfSBh8="></latexit>

g2µ(x?) ⇠ Qs(x?)
<latexit sha1_base64="G579fJJU6wk6dP5A5hY9Rsm9WWo="></latexit>

Qs(x?)        obtained from IP-Sat fitted from 
HERA data structure functions + J/ψ

For nucleus, sample nucleons 
from Woods-Saxon distribution.

<latexit sha1_base64="UHU8zIsaSVE7agr0/QJeQrPk7lc="></latexit>

V (x?) = P�

⇢
exp

✓
�ig

Z 1

�1
dz�

⇢a(z�,x?)ta

r2 � m̃2

◆�
Wilson line obtained from 

<latexit sha1_base64="PhRHu1Jn8MFXuMHCxpOlDR0BlBM="></latexit>

⇢a

For MV see: McLerran, Venugopalan. hep-ph/9309289 
For IP-Sat see: Teaney, Kowalski. hep-ph/0304189 

color charge 2-point function



The set-up for our calculation

<latexit sha1_base64="0q2aFdhO/RiFfl+j7uhv5/Ww3Z0="></latexit>

xP =
Q2 +M2

V � t

W 2 +Q2 �m2
N

<latexit sha1_base64="SF9DVQX6XcOUJkJawtfLa6OWZ30="></latexit>

Y = log(0.01/xP)

Initial conditions and evolution
Similar set-up in exclusive dijet production and Wigner distribution in 1902.05087
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• EIC energies: e-p collisions at                         and e-Au collisions at
<latexit sha1_base64="GZyKKEwlSu2WrAXV2Wj+6NIQOys="></latexit>p
s = 90 GeV

<latexit sha1_base64="KunwaMVb7HopZg9pfioZzAtD+hg="></latexit>p
s = 140 GeV

Langevin form of JIMWLK evolving independent Wilson Lines 
 
Construct dipole amplitude from Wilson lines averaging          
over multiple ensembles

• Small-x leading log JIMWLK evolution with IR regulator. Evolution up to

<latexit sha1_base64="CYTAWVqccYMXUl+gD3jZK37HJIM="></latexit>

V (x?)

<latexit sha1_base64="sqo8i2Q06D9epSjJqjskPtwQifw="></latexit>⌦
tr
⇥
V (x?)V

†(y?)
⇤↵

Y

<latexit sha1_base64="yvbE9HFjjbAK1SMBbIdsJS2NGwA="></latexit>

h...iY

Jalilian-Marian, Kovner, Leonidov, Weigert. hep-ph/9706377
Iancu, Leonidov, McLerran. hep-ph/0102009

For JIMWLK see



The set-up for our calculation
HERA data on  and DVCSJ/ψ
Free parameters constrained by HERA data on exclusive  at  J/ψ W = 75 GeV

24

<latexit sha1_base64="G+hJ6Vaeub2d2khutqhjj0JkR84="></latexit>

�⇤ + p ! �(J/ ) + p photon-proton level (no electron plane correlations)



r⊥b⊥

q

q̄
dipole orientation 

dependence from gradients 
of strength of color charge

Azimuthal angle correlations in the dipole from CGC
The set-up for our calculation

<latexit sha1_base64="FiBim3gcR92n8GZ4hKzZJ2B0MTU="></latexit>

ṽ2 = DY,2(r?, b?)/DY,0(r?, b?)

Generates dipole angular anisotropies  DY,2 , DY,4 , . . .

<latexit sha1_base64="ikGSqmHhfiQR06o0kqj4sNGkheg="></latexit>

DY (r?, b?) = DY,0(r?, b?) + 2DY,2(r?, b?) cos(2�rb) + ...

JIMWLK 
evolution

<latexit sha1_base64="U7XE08jQ0itpnvSAyDqeqcO/ODM="></latexit>

Y = 0 (MV)
<latexit sha1_base64="7SUgf3/P1ae9JlEwlnmyPdYoLWM="></latexit>

Y = 2.3 (MV+ JIMWLK)

25

No need to put correlations “by hand”



Predictions for e-p 
at the EIC

26



Predictions for e-p at the future EIC
DVCS: Spectra and azimuthal modulations 

27

Predict dependence of      on |t| and     

<latexit sha1_base64="NaWVNfn3Zwxx6LugdUMdJbMlSW0="></latexit>

Q2 = 5 GeV2

<latexit sha1_base64="itmRduq4tNpEKfs3Lh3hGGdkeUk="></latexit>

|t| = �2
?

<latexit sha1_base64="X3AybWc9697FTk+Wtckb0nNFfRU="></latexit>vn
<latexit sha1_base64="6hz+gMZQcsQB+jt8GtJdsw6VNwI="></latexit>xP

Evolution decreases anisotropies
Significant contribution from large dipoles 

even at large  due to Q2 z → 0,1



Exclusive  : Spectra and azimuthal modulations J/ψ
Predictions for e-p at the future EIC

28

Anisotropies in  smaller than DVCS but 
sizable 

J/ψ
<latexit sha1_base64="IQi6gOICke+SfXKr6SFSt0f/RXg="></latexit>v2

Smaller contribution from large dipole 
sizes due to charm mass
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Predictions for e-Au 
at the EIC



DVCS and exclusive  : Spectra and azimuthal modulations J/ψ
Predictions for e-Au at the future EIC

Azimuthal modulations      a few percent for DVCS, and less than 1% for  J/ψ
30

Characteristic dips in spectra due to Woods-Saxon nuclear profile
<latexit sha1_base64="X3AybWc9697FTk+Wtckb0nNFfRU="></latexit>vn



Predictions for e-Au at the future EIC
Nuclear suppressions factor for DVCS and exclusive J/ψ

ReA =
d�e+A!e+A+V /dtdQ2dxP
A2d�e+p!e+p+V /dtdQ2dxP

����
t=0

<latexit sha1_base64="rsrmetjX3FyebsR4EgeQ+ievEjU="></latexit>
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Expect                in the dilute limit.
<latexit sha1_base64="t3YWp1r2yizn4oMUIPGmy89t1Hs="></latexit>

ReA = 1

Significant suppression that evolves with 
energy/ <latexit sha1_base64="6hz+gMZQcsQB+jt8GtJdsw6VNwI="></latexit>xP

Larger suppression for DVCS due to larger 
dipole contributions.

Mäntysaari, Venugopalan. 1712.02508



IV. Incoherent diffraction 
and fluctuations

32

Image source: Björn Schenke and Heikki Mäntysaari



Incoherent diffraction and fluctuations
Geometric and color charge fluctuations

33

Mäntysaari, Schenke. 1603.04349

Proton density profile with 
substructure (hotspots) 

Coherent and incoherent 
cross-section

Incoherent cross-section needs geometric 
fluctuations (hotspots) and  fluctuationsQs

<latexit sha1_base64="/9QDsWaDcIffF7GB4fLoaFc1tL8="></latexit>⌦
M†M

↵
Y
�

⌦
M†↵

Y
hMiY

Incoherent diffraction:
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Incoherent diffraction and fluctuations
DVCS and  correlation with electron planeJ/ψ

Substructure fluctuations change anisotropies at moderate momentum transfer 
, increasing | t | ≳ 0.5 GeV2 <latexit sha1_base64="IQi6gOICke+SfXKr6SFSt0f/RXg="></latexit>v2



Outlook
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• Promote to NLO
Impact factor at NLO 
Boussarie, Grabovsky, Szymanowski, Wallon. 
1405.7676, 1612.08026 

• An alternative to MV model: color charge 2-point function 
from proton LC wave-function

• Distinguish different geometric fluctuations (e.g. hotspots 
vs stringy proton) using 

Jyväskylä small-x group working on                                at NLO!
<latexit sha1_base64="UC/QK5CFO2zyI87CxOxpEyIQ7pI="></latexit>

�⇤ + p ! J/ + p

Dumitru, Paatelainen 2010.11245
Dumitru, Skokov, Stebel 2001.04516
Dumitru, Miller, Venugopalan 1808.02501

Small-x JIMWLK at NLO 
Balistky, Chirlli. 1309.7644 
Kovner, Lublinky, Mulian. 1310.0378 

Help | Advanced Search

<latexit sha1_base64="mNJ7XXOvFtjG0GGJvDa4jLUuFJ8="></latexit>vn

https://arxiv.org/abs/1808.02501


Happy Holidays!


